P al a e o hy d r olo gic al c h a n g e s d u ri n g t h e m i d a n d la t e H olo c e n e in t h e C a r p a t hi a n a r e a , c e n t r ale a s t e r n E u r o p e Palaeohydrological changes during the mid and late Holocene in the Carpathian 1 area, central-eastern Europe 2 Abstract 23 Multi-proxy, high-resolution analyses (lithological, geochemical, environmental magnetism) anchored by 22 14 C dates, 24 of a 5.53 m long sediment core from Lake Ighiel (Romanian Carpathians, central-eastern Europe) allowed the reconstruction 25 of key local, catchment-lacustrine dynamics and an appraisal of palaeohydrological and palaeoclimatic gradients acting 26 regionally over the last 6000 years. The first sedimentological phase of the record from 6030 to 4200 cal yr BP, is 27 2 characterised by low productivity and high detrital input indicating surface runoff processes due to enhanced rainfall. This 28 interpretation is in agreement with other hydrological reconstructions reporting increased precipitation also in CE Europe, NE 29 Mediterranean, and also inferred summer and winter latitudinal temperature gradients (LTG) (as defined by Davis and 30 Bewer, 2009), showing a strong connectivity between basin-lacustrine dynamics and the establishment of the dominant, 31 Atlantic atmospheric circulation pattern in the area. The lacustrine system was more stable between 4200 and 2500 cal yr BP 32 when clastic inputs diminished and biological productivity increased. During this interval, the coherence of Lake Ighiel's 33 multi-century detrital events, identified in a range of proxy-data (albeit different in frequency and magnitude), with flood 34 activity in central Europe (the Alps) suggests a common moisture forcing (Atlantic and periodically Mediterranean 35 influences). In contrast, different reconstructions from the NE Mediterranean indicate a distinct NW-SE hydro-climatic 36 gradient. A more complex and variable trend is depicted in Lake Ighiel sedimentation during the last ~2500 years showing a 37 variable detrital trend likely reflecting an intriguing hydrological pattern which is in agreement with intervals of increased 38 aridity phases during a generally moister period. Comparing our sedimentological results with published pollen records from 39 the nearby area clearly show anthropogenic imprints during the Dacian-Roman Period and especially the Middle Ages 40 towards present times. The ~6000-year long sedimentary record of Lake Ighiel contributes to understanding of mid and late 41
on the factors and processes acting within a lake basin and its watershed, including the strength of sediment fluxes, the rate of atmospheric deposition and in-lake depositional processes that ultimately control sediment accumulation patterns and 48 biogeochemical characteristics (Koinig et al., 2003; Tribovillard et al., 2006; Kylander et al., 2011; Braun et al., 2013 ; Table 1 . 137
The relative chemical composition of sediments was determined using µ-XRF element scanning Itrax Corescanner (Itrax 6 to freshly split cores. Core scanning was carried out at 1 mm resolution and the running settings include a 15s exposure time, 140 40kV tube voltage and a 40mA tube current. The detected chemical elements are expressed as counts per rate. Analytical µ-141 XRF element studies applied to highly clastic sediments similar to the IGH-1 record have confirmed that the method provides 142 semi-quantitative estimates of element concentration (Croudace et al., 2006; Kylander et al., 2011) .
143
Detailed sedimentological information on the nature of clastic and organic materials deposited within the basin was 144 obtained through optical examination of thin sections from selected intervals with marked sedimentological changes, such as 145 laminations. The thin-sections were prepared on 10-cm long segments of fresh sediment, shock-frozen in liquid nitrogen, 146 freeze-dried for 48h and impregnated with synthetic resin (Araldite) under vacuum (Brauer and Casanova, 2001) . The thin-147 sections were examined using a petrographic microscope (Carl Zeiss Axioplan) with different magnifications (from 25x to 148 400x) and light conditions (plain parallel light/partly and fully polarized light). High-quality photographic images were 149 acquired with a Carl Zeiss Axiocam digital camera.
150
The sediment loss-on-ignition parameters including the organic matter (OM), inorganic carbon (IC) and minerogenic 151 matter (MM) were estimated using the widely employed loss-on-ignition technique (Santisteban et al., 2004; Veres, 2002) 152 following sequential heating (at 550° and 950°C for 4h) of 1-cm 3 samples taken contiguously at 1-cm resolution along the 153 profile. All loss-on-ignition parameters are expressed as percent (%) of the sediment dry weight. Relative wet density (WD) 154 has also been calculated with respect to the sediment-wet weight.
155
Volume specific magnetic susceptibility (MS, χ) was measured using a Bartington MS2E sensor adapted to measure long 156 sediment cores with 1-mm reading step size. These data helped correlate the sedimentary profiles and offered high-resolution 157 information about sedimentological changes. More detailed environmental magnetic analyses were undertaken on 1-cm 3 158 samples collected at every third centimetre from the composite sediment profile and analysed using a MS B sensor. The 159 resulting mass specific dual-frequency dependent susceptibility (χ FD ) estimates the concentration of superparamagnetic (SP) 160 minerals in a sample expressed as the difference between low-(χ lf ) and high-frequency dependent susceptibility (χ hf ) 161 (Dearing, 1999) . were acquired after SIRM measurements by inverting the sample and applying four field pulses of -20, -40, -100, -300 mT, 166 respectively. A Minispin Fluxgate Magnetometer was used after each measurement to determine the resultant magnetic 7 remanence (Hutchinson, 1995; Akinyemi et al., 2013) . The ARM/SIRM is employed here as a grain-size mineral magnetic 168 indicator ( Thompson and Oldfield, 1986) , whereas S-ratio, as a qualitative proxy for quantifying the relative concentration of 169 ferrimagnetic (magnetite) versus antiferromagnetic (hematite and goethite) minerals (Fig.6 ).
170
A correlation matrix was calculated using the geochemical data set to examine the relationship between pairs of elements 171 and select those elements that hold the stronger associations to be included in further numerical analyses. Therefore, the 172 elements that had correlation indices between 0.4 and 1 and showed a consistent number of associations were included in 173 further statistical analysis and data interpretation. For selected elements (such as Ti, Si, Al, K, Ca, Fe, Mn, Rb, Zr) we also 174 calculated the coefficient of variance in order to examine the variability characteristic for each lithological unit. The 175 coefficient of variance was calculated by dividing the standard deviation of each geochemical element by its mean (Kylander 176 et al., 2011) . Selected chemical elements, the environmental magnetic parameters, as well as the organic and carbonate 177 content were further subjected to principal component analysis (PCA at 442 cm depth that revealed a too young age of 682 ± 62 14 C years BP and was treated as an outlier by both models. Both 186 the Bacon and OxCal-derived age-models are highly concurrent (R 2 =0.99) for the c. 6030 years covered by the IGH-1 record.
187
In the following discussion we present only the Bacon age-depth modelling results and all ages quoted refer to calendar years 188 ( Fig. 4) . The sediment accumulation rate obtained for lithological units I to III ranges between 0.87 mm/yr and 0.73 mm/yr, 189 whereas that obtained for uppermost unit IV gave highest sedimentation rate at 1.26 mm/yr (Fig. 4) 
Numerical analyses 251
Statistical analyses e.g., principal component, regression and coefficient of variance were used to identify the most 252 relevant set of data and main groups of parameters (geochemical, magnetic) that explain data variability, share a similar 253 behaviour and could be associated with specific sediment sources and depositional processes (Muller et al., 2008) .
254
In order to evaluate the variability observed in the proxies employed, factorial analysis (PCA) was performed on selected 
271
Within the dispersal of the selected elements, we identified clusters corresponding to each lithological unit, suggesting 272 that the visual identification of sedimentological features has a clear counterpart in the numerical analyses ( Fig. 7) . 
283
To evaluate the source of specific geochemical elements a Pearson correlation was applied. Therefore, along the entire 284 profile, Si matches very well K with R 2 equal to 0.88 ( Fig. 8) . Therefore, Si can be used as a tracer for detrital sources, even 285 though this element is also an indicator of biological activity, particularly of siliceous algae. On the other hand, the 286 correlation between Fe and Ti is weak (R 2 =0.26), but still highlights the relation between Fe and detrital sources (Fig. 8) . A 287 very weak correlation was observed between Ca and Ti (R 2 =0.02) in lithological unit III (2500-1250 cal yr BP) ( Fig. 9 ).
288
A strong correlation is also visible between low-field magnetic susceptibility (χ lf ), a parameter used to estimate the (Koinig et al., 2003) . In Lake Ighiel, the correlation between silica (Si) and potassium (K) (R 2 =0.88) ( Fig. 8 450 Tomozeiu et al., 2005 Tomozeiu et al., , 2002 and it may be assumed that their influence extended even further back in time. Peninsula ( (Fig. 1) . To further infer possible forcing mechanisms for hydrological changes, total solar irradiance (TSI) 457 (Steinhilber et al., 2009 ) and NAO index reconstructions from Greenland (Olsen et al., 2012) are also shown.
458
The increased detrital flux which characterise Lake Ighiel between 6030 and 5000 cal yr BP parallels a period of 459 increased flood activity reconstructed from the Lake Mondsee record (Swierczynski et al., 2013) (Fig. 11) , as well as a period 479 Leng et al., 2013; Morellon et al., 2016; Zanchetta et al., 2012) . However, in Lake Ighiel, we observe during this time the 480 highest incidence of centennial-scale periods of increased detrital influx in the entire profile (Fig. 11) . This interval partly 481 overlaps with an increased fluvial activity and high lake levels in CE Europe (Magny, 2004; Starkel, 2002) . The 482 correspondence between increased detrital sedimentation in Lake Ighiel and higher moisture in central Europe (Alps) points 483 to a common hydrological regime. These wetter conditions in the Alps and the Carpathians are in contrast to a drier climate 484 in the Balkans, suggesting a strong NW-SE hydro-climatic gradient at that time.
485
The predominantly autochthonous organic and less detrital sedimentation in Lake Ighiel between 2500 and 1250 cal yr 486 BP indicates a generally low erosional activity in the Carpathians, which overlaps with other reconstructions from the region 487 where slightly decreasing moisture availability is observed (Schnitchen et al. 2002) . This is in agreement with the positive 488 NAO phase that might have been responsible for reduced precipitation in the region. The pattern is interrupted at around 489 2500 cal yr BP by two short-lived intervals of a moderate increase in catchment erosion (Fig. 11) 
495
However, summer and winter LTG fails to explain the regional hydrological changes and do not account for reduced 496 moisture availability in the region (Zhang et al., 2014) . A possible explanation for this pattern observed during the last 3000 497 years might be the increased regional temperatures and the intensified anthropogenic activities which start to play an 498 important role in hydrological regimes and even potentially obscure the influence of atmospheric moisture availability as 499 shown in the Balkan records (Zhang et al., 2014) .
Anomaly (MCA) (Fig. 11) , a period characterised by annual average temperature increase of about 1-2° C and reduced 502 rainfall amount over NW Europe (Lamb, 1965) 
515
Our multi-proxy data obtained from Lake Ighiel's sedimentary record reaching 6000 years back in time revealed new 516 insights into local, predominantly hydrologically-driven catchment dynamics which are discussed in the frame of regional 517 hydrological changes in the western Romanian Carpathians (CE Europe). Thereby, we contribute with a new record in 518 sensitive region which is critical for understanding past shifts in hydrological gradients in Europe in the past.
519
The influence of hydro-climatic gradients is assessed with reference to winter and summer LTGs. We show that between 520 6030 and 5000 cal yr BP the enhanced runoff and sediment transport processes at Lake Ighiel are consistent with generally 521 high moisture availability in CE Europe and the NE Mediterranean probably driven by decrease of summer and winter LTG. 
